Fiber photometry has been increasingly popular in neuroscience research in freely behaving animals.
Introduction
Axons transmit information from one neuron to another mainly through synapses at their terminals. Recording from axonal terminals in freely moving animals is an essential step to understand information processing during animal behaviors. A certain type of neuron in one area often projects to many different downstream regions with varying brain functions. 1 The function and neural dynamics of the subdomains projected from the same cell population, with a distance of hundreds of micrometers, may also be different. For example, the retinal ganglion cells project to distant laminae zones of lateral geniculate nucleus and superior colliculus, which participate in different brain functions. 2, 3 Additionally, dopaminergic axons from the ventral tegmental area (VTA) project to both the nucleus accumbens core and shell, which play different roles in reward. 4, 5 Furthermore, the axonal terminals from the medial entorhinal cortex layer II (MECII) project to the entire region of the hippocampal dentate gyrus (DG), whose different subdomains may have different functions. Therefore, a method to record simultaneously from multiple sites in subdomains of an axonal projection target is greatly needed.
However, monitoring the activity of axonal terminals at multiple sites in freely behaving animals is challenging. Owing to their tiny sizes and high densities, recording the activity of axonal terminals using traditional electrophysiology is not feasible, especially in freely behaving animals. 1, 6, 7 This situation changed when calcium (Ca 2þ ) imaging techniques, such as two-photon Ca 2þ imaging, were developed, which enabled in vivo Ca 2þ activity to be monitored at the micrometer scale. 8, 9 With the help of transgenetic or viral infection-based expression of genetically encoded Ca 2þ indicators, 10, 11 twophoton imaging is particularly suited to record from superficial brain regions, like cerebral cortex, in anesthetized or head-fixed animals. [12] [13] [14] Under these head-fixed conditions, two-photon imaging has been previously used to image neuronal activities at both axon buttons 15, 16 and dendritic spines. 17, 18 Two-photon imaging has also been adapted to record from multiple sites or large volumes; 19, 20 however, these applications are restricted to superficial brain regions of head-fixed animals as well.
Recently developed miniaturized microscopes equipped with gradient refractive index (GRIN) lenses have been increasingly used in functional studies of deep brain regions in freely behaving animals. Dendrites and spines at significant tissue depths can even be recorded using a two-photon miniaturized microscope. 21 However, this kind of technology has a restricted recording range in an individual brain region. Moreover, the use of the GRIN lens, with a typical diameter of 500 μm or 1 mm, causes larger invasion. 22 Although it has poorer spatial resolution compared to the imaging approaches described above, fiber photometry can be used to record the activity of a group of neuronal cell bodies or axonal terminals in many brain regions in freely moving animals. 1, 7, [23] [24] [25] [26] [27] [28] [29] [30] [31] Combined with genetic tools, one can perform fiber photometry recordings in axonal terminals in a cell-type and long-term manner. For example, Gunaydin et al. 1 showed that the activity patterns of the axonal terminals from VTA to nucleus accumbens encoded and predicted key features of social behavior. We recently used this method to measure axonal terminal activity in the MECII-DG projection during place learning tasks. 7 However, we were unable to determine whether the spatially distributed signals in the subdomains of the MECII-DG projection were homogenous or heterogeneous. To answer this question, we need to simultaneously record from the subdomains of the axonal terminals in freely behaving animals.
We previously developed a multichannel fiber photometry device that allowed us to record from three freely moving mice simultaneously. 32 A recent study extended the recording channel up to seven channels and used it to record simultaneously from different brain regions receiving VTA axonal projections. 33 Even with these advances, there is no multichannel fiber photometry device that can be used to simultaneously record from the subdomains of an axonal projection within a distance of only a few hundreds of micrometers. These studies used separated fiber ferrules and implanted each channel independently, which made the minimal distance of each neighboring channels more than 1.25 mm. In addition, the fiber core diameter of these previous studies was 200 μm 32 or 400 μm, 33 which restricts the minimum distance without cross talk between neighboring channels. Furthermore, using optical fibers with larger diameters would cause greater mechanical stress and affect the locomotion of animals.
To enable simultaneous recordings from multiple axonal terminals in a restricted area such as the DG, we modified the fiber photometry device by adding a confined and integrated fiber probe with the neighboring channel close to 245 μm to map axonal terminals. Equipped with a 50-μm core diameter fiber, the recording depth was restricted to <250 μm and the mechanical constraint was reduced to a level that minimally affected mouse locomotion. In combination with a genetically encoded Ca 2þ indicator, GCaMP5G, we then used this multichannel fiber photometry system to record neuronal activity from GCaMP5Gexpressing axons projecting from MECII to the DG in freely moving mice. We were able to record from four sites in the MECII-DG projection. We demonstrate a long-term and stable recording of the neuronal activity from the axonal terminals of this projection when the mice are freely exploring. Therefore, this work provides an effective approach to functionally map axonal terminals within a spatially confined brain region. In the future, the multichannel fiber photometry device can easily be extended to more than four channels.
Methods

Multichannel Fiber Photometry Setup
The framework of our custom-built multichannel fiber photometry system is shown in Fig. 1(a) . Four individual multimode fibers were integrated into a bundle and then glued into a subminiature version A connector. The excitation light from a 488-nm semiconductor laser (Coherent, OBIS 488 LX, 50 mW) was coupled into each fiber through an objective (Olympus, Plan N, 10×, NA 0.25) after being collimated with a beam expander [ Fig. 1(a) ]. The emitted fluorescence was separated from the excitation light through a dichroic mirror (Semrock, Di02-R488) and a bandpass emission filter (Semrock, FF01-535/22). The images of the fiber end faces were captured by a scientific complementary metal-oxide semiconductor (sCMOS) camera (Hamamatsu, C11440-22C) with a sampling frequency of 100 frames∕s [Figs. 1(b) and 1(c)]. The image of each fiber end-face was circled as a region of interest (ROI) and the averaged fluorescent intensity of each ROI was acquired as Ca 2þ signal for each channel. The control of light excitation and the data acquisition were implemented by a custom-written software on the LabVIEW platform (National Instruments).
Fabrication of Fiber Probe
We utilized multimode 50-μm diameter fibers (Thorlabs, FG050UGA, NA: 0.22, core diameter: 50 μm, cladding diameter: 125 μm, and coating diameter: 245 μm), instead of the 200-μm diameter or 400-μm diameter ones that have been used previously. 32, 33 Optical fibers were cut to create flat end faces and arranged into the shape of a square. Then a metal canula (0.62-mm inner diameter and 0.9-mm outer diameter) was used to bundle the fibers together [ Fig. 2 
Virus Injection
As described previously, 7,34 mice were anesthetized with 1% to 2% isoflurane in pure oxygen and placed on a stereotactic frame. A warm pad was used to keep the animals at a proper body temperature (36.5°C to 37.5°C). A small craniotomy with a diameter of ∼0.5 mm was made above CA1 (AP ¼ −2.0 mm and ML ¼ 2.0 mm) or MEC (AP ¼ −5.1 mm and ML ¼ 3.25 mm). A glass micropipette with an inner tip diameter of 10 to 20 μm was lowered down to the CA1 pyramidal layer or dorsal MEC to deliver the AAV2/9-syn-GCaMP5G virus. Approximately 100 nL of virus solution were injected into the brain tissue in ∼5 min. The micropipette was held in place for 5 min before retraction. Tissue glue (3M Animal Care Products, Vetbond) was used for bonding the scalp incision.
Histology and Fluorescence Imaging
After neuronal activity recording, mice were transcardially perfused with 4% paraformaldehyde. Brains were then dehydrated with 15% sucrose in PBS solution before being cut into sagittal sections (50 μm). Brain sections were then mounted on glass slides and covered by coverslips with mounting medium (Dako, C056330-2). Images were acquired with a wide-field fluorescence microscope (Olympus, BX43) to confirm virus expression and the position of the fibers.
Data Analysis
Ca 2þ recording data were analyzed similar to previous work. 7, 23, 28 The data were filtered with a Savitzky-Golay FIR smoothing filter (five side points and three polynomial order). Then Ca 2þ signals were calculated as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 8 6Δ
where ff 0 g is the average fluorescent intensity of baseline segments without transients. And then the signal-to-noise ratio (SNR) is: 35 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 5 1 3
where σf is the standard deviation of the baseline period. Events that exceeded an amplitude of 3 times the standard deviation of baseline were identified as Ca 2þ events. The correlation coefficient was calculated to evaluate the cross correlation of Ca 2þ signals among different channels: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 4 2 6
where x and y represent the Ca 2þ signals from different channels, r xy is the correlation coefficient, x and y are the mean values.
To evaluate asynchronized activity across channels, we calculated the proportions of local Ca 2þ signals and global Ca 2þ signals. Ca 2þ events in two channels were paired in turn for comparison. Ca 2þ events that were detected in a single channel were considered as local Ca 2þ events, while ones detected in both channels were considered global Ca 2þ events. The ratios of local Ca 2þ events and global Ca 2þ events to the total number of Ca 2þ events were calculated.
Data were plotted as mean þ SEM in figures. Nonparametric tests were used for data comparison, including Wilcoxon ranksum test for unpaired two-group test, Wilcoxon signed-rank test for paired two-group test, Kruskal-Wallis test for unpaired multigroup test and Friedman test for paired multigroup test. Results were considered significant if p < 0.05.
Ca 2+ Event Detection
We first assessed the Ca 2þ event detection efficiency of our multichannel fiber photometry system using 50-μm diameter fibers. Owing to weaker signals in axonal terminals than cell bodies, we compared the detection of signals recorded from axonal terminals with that from cell bodies by our system. 1 To test this, we carried out simultaneous recording from cell bodies and axonal terminals in mouse CA1 pyramidal layer ( Fig. 3 ). Adeno-associated virus (AAV) carrying GCaMP5G gene was injected into the CA1 pyramidal layer. One month after AAV-GCaMP5G injection, mice were anesthetized with 1% to 2% isoflurane in pure oxygen and placed on a stereotactic frame. Fiber #1 was implanted above the virus injection site (AP: −2.0 mm, ML: 2.0 mm, and DV: 1.2 mm) to record Ca 2þ signals from cell bodies and fiber #2 was implanted ∼1 mm posterior to the injection site (AP: −3.0 mm, ML: 2.0 mm, DV: 1.2 mm) to record Ca 2þ signals from axonal terminals [ Fig. 3(a) ]. The expression of virus and positions of fibers were confirmed by post hoc histology [ Fig. 3(b) ]. The Ca 2þ signals from cell bodies and axonal terminals in freely behaving animals are shown in Fig. 3 Fig. 4 (d) and Fig. 4(e) ]. Therefore, a power density of 15.1 mW∕mm 2 was chosen since it gave high SNR with minimal photobleaching.
Recording Range of Single Channel
We used 50-μm core diameter fibers for recording to improve the mapping accuracy and reduce the recording range. We evaluated the recording range of our multichannel fiber photometry by theoretical calculation and experimental measurement. We simplified the fiber probe from four channels into two channels for theoretical calculation. First light beams from two fibers propagated as shown in the schematic diagram in Fig. 5(a) . The minimum distance of neighboring channels was 245 μm, the coating diameter of fiber. Therefore, we calculated the propagating distance from fiber tips before two beams overlapped using the function below: 
where D was the distance of two fibers, r 0 was the core diameter of fiber, NA fiber was the numerical aperture of fiber, and n tis ¼ 1.36 was the refractive index of gray matter. 36 The calculation results indicated that two light beams overlapped after a propagation of 600 μm.
Light intensity attenuates when propagated in tissue owing to light absorption and light scattering. Light scattering was mainly considered here because only minimal light absorption occurs in brain tissue at the wavelength range of 400 to 900 nm. 37 The light intensity after propagating in brain tissue could be simulated with the Kubelka-Munk model. 36, 38 The transmission coefficient T is a function of the tissue depth z, as shown: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ; 2 2 9 T ¼
where μ s is the scatter coefficient, given as 11.2 mm −1 here. 36 The power density at the depth z is based on the energy conservation and geometry [ Fig. 5(b) ]:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 6 3 ; 1 5 3
where I z and I 0 are the power density at the depth of z and 0 from fiber tip, respectively, r 0 is the core diameter of fiber, α ¼ sin −1 ðNA fiber ∕n tis Þ is the divergence angle of optical fiber. The attenuation curve was calculated and shown in Fig. 5(c) .
The calculation predicted that light intensity would decrease to ∼0.5% of that at the tip after a propagation of overlapping distance (600 μm).
Photons scatter in brain tissue which means that the fluorescence photon excited by one fiber may be scattered into the second fiber. Therefore, we conducted an in vivo experiment to directly measure the cross talk from neighboring channels. The experiment diagram is shown in Fig. 5(d) . The fiber probe was slightly changed from previously described. Three channels were still connected to the multichannel fiber photometry system, whereas the last channel was individually attached to another 488 nm laser. The power at fiber tip was measured to guarantee a uniform light intensity. The fluorescent dye Oregon green 488 BAPTA-1 (OGB-1, 500 μM, O6807, Molecular Probes) was injected into C57 mouse cortex at the depth of 300 μm (∼300 nL). The fiber probe was implanted above the injection site. A normal recording where illumination was provided by the multichannel fiber photometry system was considered as control. The single-channel illumination group consisted of recording illumination only provided by the individual fiber. The images of three-fiber core end faces captured in the two illumination modes are shown in Fig. 5(e) . The fluorescent intensities at three illumination power intensities are summarized in Fig. 5(f) . The fluorescent intensity in the single-channel illumination group was 3.5% AE 0.6% (mean AE standard deviation) compared to the control, indicating that the cross talk among channels was negligible.
We also tried to find the recording depth by in vivo Ca 2þ recording in the axonal terminals of GCaMP5G-expressing mice. We carried out the recording as the fiber probe was advancing to the target in anaesthetized mice. The fiber probe was inserted into the brain tissue from the cranial window. The dura was carefully removed before implantation by fine forceps to confirm a smooth entry. Fiber probe was advanced with a speed of 50 μm per min. At the depth of 1.2 mm from dura, we started to record the Ca 2þ signal. After a 10-min continuous recording, fiber probe was advanced by a depth of 50 μm. The accurate distance to the target was measured with post hoc histology [ Fig. 6(a) ]. A power density of ∼15 mW∕mm 2 at fiber tip was used. An example of recording at different depths was shown in Fig. 6(b) , corresponding to the morphology in Fig. 6(a) . The SNR of Ca 2þ signals recorded at different depths is summarized [ Fig. 6 (c), n ¼ 7 mice]. The SNR increased as the fiber tip approached the target. Ca 2þ signals could be distinguished from noise (with the amplitude larger than 3 × SD) at 200 to 250 μm. Thus the Ca 2þ recording depth was 200 to 250 μm in our recording condition. For contrast, we also measured the recording depth of the previously developed single-channel fiber photometry system [ Fig. 6(d) , n ¼ 7 mice]. We used a 200-μm diameter and 0.48 NA multimode fiber for detection. The power density at fiber tip was about 0.22 mW∕ mm 2 . The recording depth was measured to be ∼400 to 500 μm, which was similar to the results in previous studies. 23, 25 Then the recording volume of each single-channel can be calculated according to the volume of frustum of a cone [ Fig. 5(b) ]:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 6 6 4 V ¼
where z 0 ¼ r 0 ∕2∕ tan½sin −1 ðNA fiber ∕n tis Þ. Calculations showed that the single-channel recording volume of our multichannel fiber photometry system was 1.13 to 1.73 × 10 6 μm 3 . Furthermore, the recording volumes of previously developed fiber photometry systems were 4.11 to 6.40 × 10 7 μm 3 for 200-μm diameter, 0.48 NA fiber and 9.78 to 14.1 × 10 7 μm 3 for 400-μm diameter, 0.48 NA fiber. Therefore, the recording volume of our multichannel fiber photometry system decreased to ∼1% to 3% of the previously developed ones.
Mechanical Constraint
The optical fibers could impose a mechanical constraint to freely moving mice, affecting their ability to freely access the entire recording environment. To test for this, we recorded from freely behaving mice exploring a 1.2-m diameter round basin [ Fig. 7(a) ] with the Ca 2þ signals and behavior video recorded simultaneously. The optical fibers we used were 4-to 5-m long, and the recording system was put at the north side of the basins [see the azimuth diagram in Fig. 7(e) Fig. 7(c) ]. To quantify the restriction by the optical fibers, we divided the basin into three regions with different diameters but the same area and named these: inner part, middle part, and outer part [ Fig. 7(b) ]. The time that mice stayed in these three regions is summarized in Fig. 7(d) . We found no significant difference in the time spent in each of the three regions from multichannel group (black, χ 2 ¼ 2.0 and p ¼ 0.37). Additionally, mice in the singlechannel group also showed similar time distribution in the three divided parts (gray, χ 2 ¼ 0.8 and p ¼ 0.67). We then divided the basin space into four quadrants located in four directions [ Fig. 7(e) , inset]. There was no significant difference in the time spent in each of the four quadrants in the multichannel group Fig. 7(e) black bar] nor the control single-channel group [ Fig. 7(e) gray bar]. This indicated that the fibers had no visible effect on the moving range of mouse.
Results
The MEC provides information to hippocampus from cerebral cortex and transmits processed messages back to cerebral cortex. 39, 40 The MECII-DG projection, the initial phase of the trisynaptic circuit (MECII-DG-CA3-CA1), transmits spatial information to DG. 7, 41, 42 The neural representation at different subdomains of the MECII-DG projection during free exploration remains unknown. To address this question, we simultaneously recorded Ca 2þ signals at multiple MECII-DG projection sites with our multichannel fiber photometry in freely exploring mice.
To monitor the Ca 2þ activities in the MECII-DG projection, we first injected AAV-syn-GCaMP5G into MEC to label this pathway. A fiber probe with four channels was then implanted above the MECII-DG projection [ Fig. 8(a) ]. The expression of virus in the MECII-DG projection was confirmed by post hoc histology [ Figs. 8(b) and 8(c) ]. Most of the cells expressing GCaMP5G in the injection site were in MEC layer II [ Fig. 8(b) ]. The axonal terminals in DG were also labeled with GCaMP5G [ Fig. 8(c) ]. The configuration of the axonal terminals in DG from MECII was a U-shape in rostral-caudal direction [ Fig. 8(c) ]. We measured the width of the dorsal side of the MECII-DG Fig. 7(a) ]. Examples of Ca 2þ signals recorded from four channels during free exploration in the open field are shown in Fig. 9(b) . Ca 2þ transients were observed in three of the four channels; the channel without a detectable signal was inserted through the projection [fiber #1 in Fig. 9(a) ]. Asynchronized Ca 2þ signals were detected in channel #3 and shown in Fig. 9(b) .
We calculated the correlation coefficient of the Ca 2þ signals recorded from different channels in the anesthetized state and freely exploring state. We found that the correlation coefficient significantly decreased in the freely exploring state (0.65 AE 0.04) compared to the anesthetized state (0.90 AE 0.01, z ¼ 6.0, and p < 0.001). These data coincided the previous results that neurons in neocortex, thalamus, and hippocampus show synchronous activity under anesthesia. [43] [44] [45] We then sought out the local Ca 2þ events and global Ca 2þ events from four channels (see details in Sec. 2.6). Data from six mice, 24 recording sites in total, were used for analysis. The mouse with only three active channels was not used for analyses. Local Ca 2þ events accounted for 61% of all the events, while the remaining events were global [ Fig. 9(c) ]. These results demonstrated a heterogeneous activity pattern in the subdomains of the MECII-DG projection during free exploration. These results validate the use of our multichannel fiber photometry device for functional recording in the subdomains of the MECII-DG projection.
Discussion
Two-photon Ca 2þ imaging, which allows for subcellular structure resolution, is often used for projection-specific functional mapping. 15 However, the mapping region is restricted to less than 200 μm × 200 μm. 15, 46 Although the recording site can be extended using a dual-axis mode, the minimum distance of the sites was restricted to ∼1 mm by the mechanical components. 19 In addition, two-photon microscopy is mainly restricted to brain regions on the surface of a head-fixed animal.
Our method provides a simple way to do real-time functional monitoring in axonal terminals at multiple sites in freely behaving mice. The detector in our multichannel fiber photometry system is highly sensitive. The sCMOS camera with low noise is as sensitive as a photodetector equipped with a lock-in amplifier for recording Ca 2þ signals in vivo. 33 Multichannel fiber photometry using a camera as the detector, rather than a photodetector, is much simpler and easier to extend compared with other kinds of multichannel fiber photometry. 26, 32 Multichannel fiber photometry in the early phase is a simple mixture of single-channel fiber photometry. 26 This method needs one photodetector for each channel and a more complex light splitting and coupling path. This makes it difficult to extend. Scan-based multichannel fiber photometry requires a galvanometer to scan among different channels to couple light into different channels. 32 Different channel number designs require different scanning modes and data acquisition programs. However, our image-based multichannel fiber photometry is much easier to extend because the coupling of different channels is simultaneous. When we increase the number of recording channels, there is no need to make any other changes except for replacing the fiber probe.
The ability of multimode fiber to collect fluorescence increases with the increase of core diameter due to a larger NA. In general, fibers with larger core diameters are more sensitive for Ca 2þ recording. But the recording range, mechanical constraint and invasiveness increases with larger core diameter fiber.
Here our system used optical fibers with a core diameter of 50 μm. This change led to a decrease in recording depth to <250 μm. However, mechanical constraint was reduced to a level that had little influence on the locomotion of the mice. Furthermore, the reduction of fiber core diameter still provided enough sensitivity and SNR to record from axonal terminals.
We also designed a fiber probe with four fibers glued in a single-metal canula. This design decreased the distance of neighboring fibers to the coating diameter of 245 μm. This design allowed for the recording of multiple sites within a close distance. By designing the probes according to the geometry of the recording site and creating denser fiber bundles, recording from dozens of channels is possible. The small size of the probe also saves space and lightens the weight of carrying.
Recently, researchers reported methods for multimode fiberbased imaging techniques. [47] [48] [49] However, there are several limitations that prevent the application of these methods to brain tissue. Owing to randomization, thick scattering samples such as brain tissue are not suitable for this method. Furthermore, the fiber must be kept static through the whole experiment, which is impossible when measuring from freely moving animals. A fiber bundle-based imaging technique has also been used in brain imaging. 50, 51 However, the invasion caused by implantation was extensive and the fiber bundle imposed a significant mechanical constraint on the animal. Despite the poor spatial resolution of fiber photometry, the ability to measure structures deep in the brain in freely behaving animals has made it a popular choice in neuroscience research.
Conclusion
We designed a new version of multichannel fiber photometry that can be used for Ca 2þ recording in subdomains of axonal terminals. Our method of using small-core diameter fibers reduced the recording range. It allowed the mice to freely explore the space without mechanical constraints and was sufficiently sensitive to detect Ca 2þ from axonal terminals. The simultaneous light coupling strategy and compact design of the fiber probe make the system easy to extend. Finally, we validated the system by performing four-channel Ca 2þ recording in the MECII-DG projection in freely moving mice. We found a heterogeneous neuronal activity pattern in the different subdomains of the MECII-DG projection during exploration. This system could have multiple applications in neuroscience research.
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